In this study, we investigated whether simvastatin (SVT), a statin commonly prescribed to decrease cholesterol levels, might have a therapeutic effect in OA. Primary rabbit chondrocytes were pre-treated with SVT (50 lM), then treated with sodium nitroprusside (SNP; 1 mM), a donor of nitric oxide (NO) known as a pro-inflammatory mediator, and analyzed for the expression levels of type II collagen, SOX-9, aggrecan, matrix metalloproteinases (MMPs) 1, and 13. SNP increased NO generation in a dose-dependent manner, causing a loss of type II collagen and aggrecan indicative of chondrocyte dedifferentiation, which was inhibited by SVT. SVT also reversed the increase in MMP-1 and -13 and inhibited NO production and NO synthase expression induced by SNP in articular chondrocytes. Given that MMP-1 and -13 knockdown by siRNA increased the level of type II collagen in SNP-treated cells, our results show that SVT prevented NO-induced chondrocyte damage and dedifferentiation through downregulation of MMP expression. This study showed that SVT could attenuate the degradation of articular cartilage components, which is characteristic for OA, through inhibition of MMPs in NO-treated chondrocytes, suggesting that SVT may be a novel candidate therapeutic agent for the prevention and/or treatment of OA.
Introduction
Osteoarthritis (OA) is described by gradual dysfunction of cartilage and inflammation of the synovium, which lead to exposure and sclerosis of the subchondral bone plate, ultimately causing pain and joint stiffness. 1, 2 OA is primarily triggered by joint injury, but can also be promoted by defects in limb development and/or genetic factors. Articular chondrocytes are the cells that secrete the extracellular matrix (ECM) and maintain its metabolic balance in normal cartilage 3 ; however, a mechanical insult may induce them to release proinflammatory cytokines and express increased amounts of matrix metalloproteinases (MMPs), 4 leading to inflammation, ECM degradation, and OA development. 5 MMPs comprise a large family of matrix-destroying factors that play a crucial role in modulating OA. 6 MMPs are induced by various factors, including pro-inflammatory cytokines in the synovium 7 and are considered important determinants of OA development. In common conditions, MMPs are synthesized at low levels, providing remodeling of healthy connective tissue critical for various physiological processes such as organ development, angiogenesis, and tissue repair, 8, 9 whereas in pathogenic conditions, the production of MMPs increases dramatically, leading to excessive destruction of connective tissue. Consequently, high expression and secretion of MMPs are associated with different pathological conditions such as tumor invasion/metastasis, atherosclerosis, and arthritis. [10] [11] [12] Impact statement Dedifferentiation of chondrocytes is the main character of cartilage degradation. Therefore the understanding of chondrocytes dedifferentiation is essential for arthritis therapy. However, the molecular mechanism of cartilage destroy is mostly unknown. In this work we show that simvastatin (SVT) inhibits dedifferentiation by nitric oxide by blocking the expression of matrix metalloproteinases 1 and 13. These effects of SVT on dedifferentiation suggest that SVT may be used as a drug for the cure of arthritis.
Among MMPs, MMP-1 and -13 which decrease type II collagen, a main constituent of the cartilage, are known to be elevated in joint disorders; thus, they play an important role in OA, in which collagen destruction is the critical pathogenic factor. 13 Increasing evidence indicates that some MMP inhibitors can alleviate cartilage degradation in experimental OA, 14, 15 suggesting that the blockage of MMP activity can be considered as a treatment strategy for OA patients.
It has been shown that nitric oxide (NO) can inhibit the production of ECM components by prompting the dedifferentiation of chondrocytes. 16 NO is a small hydrophobic signaling molecule which can function both inside the cells where it is synthesized from arginine through the activity of NO synthases (NOSs) and in the extracellular space where it can act on the adjacent cells after penetration through the cell membrane. Stimulation of the inducible NOS isoform (iNOS or NOS2) by proinflammatory cytokines and bacterial products can upregulate NO production in various cell types, including chondrocytes, fibroblasts, and dendritic cells, resulting in generation of large NO amounts. 16, 17 Consistent with these data, an inhibitor of iNOS was shown to protect chondrocytes and cartilage against destruction in an in vivo experimental model. 18 Furthermore, NO was reported to promote chondrocyte apoptosis, inhibit proteoglycan synthesis, and enhance MMP activity, which correlated with the increase in cartilage matrix degradation. [18] [19] [20] Overall, these findings suggest an association between inflammation, NO production, and MMP activation in OA.
Simvastatin (SVT), commonly prescribed to reduce the risk of cardiovascular disease by lowering cholesterol levels, has also been shown to have a negative effect on inflammation, and several findings investigated its potential in the treatment of OA. 19 Therefore, we tested the impacts of SVT on NO-induced dedifferentiation and MMP-1 and -13 expression as well as NO production in rabbit articular chondrocytes.
Materials and methods

Treatment
Chondrocytes were added with SVT (Sigma-Aldrich, Saint Louis, MO, USA). Dimethyl sulfoxide (DMSO) was used as the vehicle. 20 Sodium nitroprusside (SNP; Sigma) was used for the dedifferentiation of chondrocytes. siRNA for MMP-1 and -13 was purchased from Bioneer (Daejeon, Korea).
Culture of chondrocytes
Rabbits (2 weeks old) and Wistar rats (3 weeks old) were purchased from Koatech (Pyeoungtaek, Republic of Korea), as described previously. 21 Cells (2 Â 10 4 cells/dish) were incubated in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% (v/v) Fetal Bovine Serum (FBS) and supplemented with penicillin (50 units/mL) and streptomycin (50 mg/mL). Next, we observed the morphology of chondrocytes under a microscope. Our materials and methods were accepted by the Ethics Committee of the Kongju National University.
Western blot analysis
Proteins were collated from chondrocytes, and the detection of protein was performed as described previously. 22 Protein was separated SDS-PAGE and following electrophoresis, the proteins were shifted to a NC membrane. The following antibodies were used: collagen type II monoclonal antibody (Santa Cruz Biotechnology, CA, USA); MMP-1 polyclonal antibody (calbiochem, Hessen, Darmstadt, Germany); MMP-13 polyclonal antibody (Santa Cruz Biotechnology); SOX-9 polyclonal antibody (Santa Cruz Biotechnology); GAPDH (Santa Cruz Biotechnology); anti-rabbit IgG (Sigma-Aldrich, St. Louis, MO, USA); anti-goat IgG (Chemicon International, Billerica, MA, USA); and anti-mouse IgG (Enzo Life Sciences International, Farmingdale, NY, USA). An ECL reagent (Dogen, Seoul, Republic of Korea) was used to determine the blot bands using the LAS4000 system (Fuji Film, Tokyo, Japan).
Reverse Transcription polymerase chain reaction (RT-PCR)
The total RNA of chondrocytes was extracted by TRIzol reagent (Life Technologies, Gaithersburg, MD, USA) and reverse transcribed to cDNA synthesis were performed with RT premix kit (Genotech, Korea). The following primers and conditions were employed as described previously. 23, 24 DNA was separated on a 1% agarose gel and stained with Ecodye TM solution (BioFact, Daejeon, Republic of Korea).
Alcian blue staining
Cells were incubated with 3.5% paraformaldehyde for 20 min. Cells were stained as described previously. 25 Cells were analyzed by spectrophotometer (Molecular Devices, USA) at 595 nm.
Immunofluorescence staining
Cells were seeded on sterilized coverslips in a 35 mm dish. After the cells adhered, the cells were fixed as described previously. 25 Samples were incubated with type II collagen antibody (Santa Cruz), MMP-1 antibody (calbiochem, Hessen, Darmstadt, Germany), and MMP-13 antibody (Santa Cruz Biotechnology). On the next day, the cells were then incubated with peroxidase-conjugated secondary antibodies at room temperature for 1 h and then counterstained with 4 0 , 6-diamidino-2-phenylindole (DAPI; Invitrogen, Burlington, ON, Canada) for 10 min at RT. Immunofluorescence images were captured using a BX51 fluorescence microscope (Olympus, Tokyo, Japan).
NO assay
NO was detected by using Griess reagent according to manufacturer's protocols. Supernatants of cultured cells (100 lL) were harvested and mixed with same volume of Griess reagent and read at 550 nm. OD was measured at 550 nm on a microplate reader (Molecular Devices).
Immunohistochemical staining
The tissue were fixed for 4% paraformaldehyde, washed twice with PBS, and dehydrated with graded ethanol. After standard processing, the samples were embedded in paraffin. Specimens were cut in 4 lm sections. To destroy the activity of endogenous peroxidase, added 1% H 2 O 2 for 10 min at room temperature. Cartilage sections were incubated with primary antibodies type II collagen (Mouse Anti-COL2A1/type II collagen) at 4 C for overnight and washed with PBS. After washing, the sections were incubated with horseradish peroxidaseconjugated goat anti-mouse IgG at 37 C for 30 min. The antibody bound to the samples was determined using a DAKO kit. After washing, the images were obtained using a light microscope.
siRNA transfection
Cells were transfected with scrambled or MMPs siRNAs after changing medium with 2 mL of DMEM (Invitrogen Life Technologies) per well. For MMP-1, the sense sequence was 5 0 -cag guu auc cca aaa uga u-3 0 and the antisense sequence was 5 0 -a uca uuu ugg gau aac cug-3 0 , used at 100 nM; For MMP-13, the sense sequence was 5 0 -cuc aug uuu ccc auc uac a-3 0 and the antisense sequence was 5 0 -u gua gau ggg aaa cau gag-3 0 , used at 100 nM. TurboFect transfection reagent (Fisher Thermo Scientific) was used as a transporter.
Data analysis and statistics
Results were from at least three times experiments and presented as the means AE standard deviation (SD). Statistical analysis was indicated using a one-way analysis of variance (ANOVA) followed by a Tukey's post hoc test and all values are expressed as the means AE SD. Statistical significance with p values <0.05.
Results
SVT increases differentiation of chondrocytes
First, we examined the effects of SVT on the differentiation of chondrocytes by evaluating the expression of type II collagen and synthesis of sulfated proteoglycans. RT-PCR and western blotting analyses indicated that type II collagen in chondrocytes treated with SVT for 24 h was upregulated in both at the mRNA and protein levels (Figure 1(a) ). Furthermore, the mRNA expression of SOX-9 and aggrecan, cartilage-specific proteoglycan, were also induced by SVT (Figure 1(a) ). In parallel to the upregulation of type II collagen, SVT also increased the accumulation of sulfated proteoglycans (Figure 1(b) ). The effect of SVT on chondrocyte differentiation was further examined by immunocytochemistry, which showed that staining for type II collagen and sulfated proteoglycans in SVT-treated cells was stronger compared to control, untreated chondrocytes (Figure 1(c) ).
SVT inhibits MMP-1/-13 expression induced by SNP-generated NO Consistent with these data, we observed a dose-dependent increase in mRNA and protein expression of MMP-1 and -13 in chondrocytes treated with different concentrations of SNP compared to control cells (Figure 2(a) and (b) ). However, SVT abolished the SNP-induced upregulation of MMP expression (Figure 2(c) and (d) ).
To determine whether SVT may exert protective effects on SNP-treated chondrocytes, we tested the differentiation status and NO generation in chondrocytes incubated in the presence of both SNP and SVT. As shown in Figure 3(a) , the production of NO was markedly induced by SNP but the effect was significantly attenuated by SVT. Furthermore, pretreatment with SVT for 1 h prior to the addition of SNP provided recovery of SNP-induced type II collagen loss both in rabbit and rat chondrocytes (Figure 3  (b) ), indicating that SVT could prevent SNP-induced chondrocyte dedifferentiation. We also analyzed the expression of SOX-9, an important protein for maintaining type II collagen expression and, consequently, a stable chondrocyte phenotype. A marked induction of SOX-9 expression was observed in SVT-treated rat articular chondrocytes cultured with or without SNP (Figure 3(b) ), although we could not detect SOX-9 in rabbit chondrocytes with the tested antibodies. Then, we examined whether SVT could inhibit MMP-1 and -13 expression in cells treated with SNP. Western blotting analysis showed that SVT pretreatment markedly reduced the level of both MMP-1 and -13 proteins increased in SNP-exposed chondrocytes (Figure 3(c) ), suggesting that SVT may reverse SNP-caused dedifferentiation by inhibiting MMP-1 and -13 expression. These results were confirmed by RT-PCR analysis, which showed that SVT attenuated transcriptional effects of SNP in articular chondrocytes by increasing mRNA of type II collagen, SOX-9, and aggrecan, and decreasing that of iNOS, MMP-1, and MMP-13 ( Figure 3(d) ). Analysis of type II collagen, MMP-1, and MMP-13 expression by immunocytochemistry revealed that in SVT-treated chondrocytes, staining for type II collagen was significantly stronger and that for MMP-1 and MMP-13 weaker compared to cells treated with SNP alone (Figure 4 ), indicating that SVT reversed the negative effects of SNP on chondrocyte differentiation. Together, these results suggest that SVT prevents the induction of MMP-1 and MMP-13 expression and subsequent loss of collagen due to SNP-induced NO generation in chondrocytes, thus protecting them against degeneration and supporting ECM homeostasis in articular cartilage.
SVT inhibits chondrocyte dedifferentiation caused by SNP-induced MMP-1/-13 expression
To assess the involvement of MMP-1 and -13 in the protective impacts of SVT on SNP-caused chondrocyte dedifferentiation, we performed RNA interference experiments. Western blotting analysis showed that knocking down of MMP-1 or MMP-13 with siRNA rescued the reduction of type II collagen caused by SNP, which was similar to the effect of SVT ( Figure 5 ). These results suggest that SNP mediates dedifferentiation of chondrocytes by upregulating MMP-1 and -13 and that SVT protects articular chondrocytes from SNP toxicity through blocking of MMP-1 and -13 expression.
As SNP produces NO which promotes the expression of MMPs, 26, 27 we also examined the effects of SVT on NO generation and iNOS transcription in SNP-treated chondrocytes. The results showed that SVT reduced both NO production and iNOS mRNA expression induced by SNP in chondrocytes, which was similar to the effect of L-N G -monomethyl arginine (L-NMMA), an inhibitor of NOS (Figure 6(a) and (b) ). L-NMMA also blocked the increase in MMP-1 and MMP-13 and rescued the loss of type II collagen caused by SNP (Figure 6(b) and (c) ), thus confirming the role of NO in dedifferentiation of chondrocyte and OA development.
Discussion
In this study, we showed that SVT could inhibit the chondrocytes dedifferentiation through decreasing the production of NO and expression of MMP-1 and -13, which resulted in partial restoration of collagen type II and aggrecan expression, suggesting protective effects of SVT on articular cartilage. 28 Given that OA is characterized by increase in the synthesis of ECM-degrading enzymes, these results indicate SVT possible as a beneficial agent in OA. 28 Supplementary studies are necessary to clarify the precise mechanism of the inhibitory effect of SVT on MMP-1 and -13 expression, which should further understanding of OA pathogenesis. ........................................................................................................................................................ 
....
The irreversible stage in OA development and progression occurs when the balance between the production and degradation of cartilage components, collagen and proteoglycans, is disturbed 29 The ECM produced by normal chondrocytes mainly consists of type II collagen, a chondrogenic marker, 5 and the decrease in collagen type II content is typical for cartilage degradation in OA. 30 NO is a signaling molecule synthesized through conversion of L-arginine to L-citrulline by NOS. 31 Because the highly level production of NO causes cell dysfunction and even apoptotic cell death, prevention of iNOS generation may have beneficial impacts on cell survival and differentiation. 32 iNOS is highly expressed in various types of cells and is found more often in cells with OA compared to normal cells. 33 Abnormal levels of NO are associated with cartilage damage and the inhibition of iNOS blocked the loss of glycosaminoglycan synthesis in an OA model. NO has multiple functions on chondrocytes including dedifferentiation, inflammation, and apoptosis. 25, 34 Chondrocytes from patients with OA exhibit NO, and a high level of nitrites/nitrates have been found in the synovial fluid and serum of patients, reflecting an increase in NO during OA disease development. 35 Cedergren et al. showed improved levels iNOS in plasma and synovial fluid in the knees of OA patients. 36, 37 The importance of NO is well known in the progression of arthritis. Adjuvant-caused arthritis can be blocked by the NO synthase inhibitor L-NMMA. In the adjuvant-caused arthritis animals, the onset of symptoms was preceded by raised generation of nitrates and nitrites. Promotions of NO and enhancement of disease by non-selective NOS inhibitors has also been revealed in collagen-induced arthritis. The elevation of iNOS in OA patients could be attributed to inflammation-related process, including that oxidative stress are involved with OA pathogenesis.
NO is a proinflammatory second messenger playing an important role in OA, 38 in particular through upregulation of cartilage-degrading MMPs 39 ; therefore, in this study we investigated the ability of SVT to reduce MMP-1 and -13 expression in NO-stimulated chondrocytes.
MMPs are present in the articular joint where they degrade all types of collagen, proteoglycans, and other ECM components, thus playing an important role in the degeneration of articular cartilage. Among MMPs, MMP-1 and -13 are probably the most important players in OA as they have substrate specificity for fibrillar collagen type II, the principal component of articular cartilage. ProMMP-1 and -13 have been shown to activate directly by peroxynitrite or nitro-thiol compounds without proteolysis of proMMP-1 and -13, explaining an association between MMP and iNOS expression. [40] [41] [42] Pro-inflammatory cytokines that stimulate MMPs contribute to the catabolic direction 43 and also initiate the production of NO in the joints. 44 Our findings indicate that SVT could reduce MMP-1 and -13 expression induced in rabbit articular chondrocytes by NO-producing SNP; furthermore, it can suppress NO generation in chondrocytes, presumably through downregulation of iNOS. These effects of SVT are likely responsible for the restoration of collagen type II levels and transcriptional upregulation of aggrecan, the main cartilage proteoglycan, suggesting that application of SVT may have beneficial effects in OA.
Statins are known for their anti-inflammatory properties, and efforts have been made to investigate whether their activity could be used in the treatment of OA. Thus, mevastatin was shown to suppress inflammation, downregulate MMP expression, and reduce cartilage degradation in an in vivo model of OA, 19, 45 whereas pravastatin reduced the expression of MMP-3 and MMP-9 in IL-1b-stimulated chondrocytes, 46 and atorvastatin decreased MMP-13 in OA chondrocytes. 47 Belcher has showed that increasing concentration of statins use and larger statin concentration increases were associated with a decrease in clinical OA in comparison with non-statin users. 48 While there are the reasonable effects by which statins may have helpful effects in OA joints, the mechanism for a useful effect of statins in human OA is remains.
These and our findings indicate that statins may stop OA progression by inhibiting the expression of MMPs in articular chondrocytes and restoring ECM composition of articular joints, which may provide a framework for the development of drugs and treatment strategies to prevent or limit cartilage breakdown in OA.
28,39
Conclusion
Our data demonstrate that SVT inhibits dedifferentiation of primary articular chondrocytes caused by NO by reducing the expression of MMP-1 and -13 as well as iNOS, which prevented the decrease of type II collagen and proteoglycans, suggesting SVT as a candidate therapeutic agent for treating OA.
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